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Abstract: An important diagnostic tool for the determination of manufacturing defects or 
interior surface contamination in SRF Niobium cavities is the formation of bubbles on the 
exterior surfaces of these cavities during RF induced heating events on the interior walls 
of the cavities during testing and operation. We have developed an inexpensive camera 
system that operates in liquid helium in both its normal and the super cooled state. We 
can observe real-time bubble formation on the exterior of SRF cavities during operation. 
The compact camera system can be positioned in places that are difficult or impossible to 
observe using awkward optical systems of multiple mirrors and view-ports. This removes 
the distortions and blank-outs previously observed when looking through turbulent 
Helium vapor clouds and multiple optical paths through surface waves. The submersible 
camera will be used for research and development of SRF cavities for the Radioactive 
Isotope Accelerator (RIA) as well as quality control when we shift into ‘production’ 
mode. It can then be designed into cryogenic the SRF cryogenic in the finished RIA 
accelerator system. 


Introduction: 

We are developing a compact camera system that can be operated in liguid helium 
capable of viewing bubble formation on the surfaces of SRF test cavities submersed in 
liguid Helium due to thermal events inside the cavity. The camera needs to operate in 
super-cooled/super-fluid Helium below 4.2K. This system will help us to identify the 
location of RF induced heating event sites inside a cavity. 


A test of a Polycarbonate Cryogenic Window for CCD Camera System submersed in 
Liquid Nitrogen is described. The motivation for this experiment is the development of a 
window that can be used for a compact submersible camera and view ports into (or 
between) SRF cavities submersed in liquid helium. The purpose is to have real-time 
observations of bubbles generated by thermal events inside Superconducting RF cavities 
in areas that are difficult to observe using our previously developed viewing systems 
consisting of CCD cameras outside the test Dewar looking through a window to mirrors 
and lenses inside the Dewar. The use of light sources in the submersible camera allows 
for direct lighting of the surfaces to be observed. This test was performed on three 
consecutive days during June 17-19, 2003. This may be the first use of polycarbonate as a 
cryogenic window. 


The first test verified that the design for the PC window would hold the seal and not fail 
by leaking at the seal or by channels created by crazing or cracking of the polycarbonate 
while in liquid Nitrogen. The operation of the CCD camera with behind-the-window 
internal lighting and heating resistors were tested and worked fine. The PC window was 
examined using a polarimeter prior to and after cold testing. Symmetric stress patterns 
were observed around the indentations left behind by the seal when the window was 
tightened against the stainless steel ‘nose’ sealing edge. No unusual stress was found 
before or after the LN2 tests. 
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Figure 1: The sealed Polycarbonate viewing window (diameter = 4.744”, thickness = 
0.5”) and BW CCD camera (center) with four high current (up to 350 mA) LEDs in a 
stainless steel housing. 


Figure 2. The special ‘nose’ seal is visible on the ring with the PC window removed. 
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Figure 3. This is the profile of the ‘nose’ edge on the stainless steel flange compared to a 
conventional knife-edge of copper gasket conflats (labeled above as the ‘existing knife 
edge’ from which the CF flange was machined down to the nose profile). The rounded 
nose decreases the levels of stress in the polycarbonate that could lead to crazing and 
cracking in the polymer structure. This profile had troughs for the displaced PC material 
during sealing but they were not needed since the seal was as ‘tight’ (same amount of 
torque on the bolts) as with the conflat seal when tightened fully when the PC window 
had a gap of 0.012” remaining. This design is derived from polycarbonate *O-Rings” 
developed at CERN (“Polycarbonate-based cryogenic sealing’ CERN 98-07 Yellow 
Report, Pier Wertelaers, editor, Geneva: CERN, | Sep 1998, ISBN: 92-9083-135-9 at 
http://preprinis.cem.ch/cgi-bin/setlink ?bs >p=Yell Repori&id=98-07 ). 


Figure 4. The apparatus used for the LN2 test. 


Figure 5. This is a side view of the apparatus pointing down showing 
copper compression ring. 


Figure 6. This is a view of the copper-PC compression ring with grooves to let 
accumulated gas under the window escape. This helps wave action on the liquid-gas 
interface below the window from interfering with the camera images. 


Figure 7. This is a view of the experimental setup with the camera housing in liquid 
Nitrogen and control electronics to the left on the cart. 


Figure 9. This is the experimental setup for the test with a video monitor and two power 
supplies for the camera heater and LEDs. The DMM was used to monitor the Pt-RTD 
temperature sensor on the camera body. 


Figure 10. This is a typical view of the two rulers on the bottom of the Dewar as seen by 
the camera in LN2. 


Figure 11. This is a polarimeter view of the 42” thick Polycarbonate window before being 
sealed. The stress colors around the perimeter are due to the water-jet cutting of the 
blank. The waier-jet method of cutting leaves small impact craters at the edges, which 
result in residual strain nearby. Polishing of the edges reduces the stress in these regions. 


Figure 12. This is a view of the PC window after the test as viewed with the polarimeter. 
The stress colors are essentially circumferential as expected relating the indentations 
created by sealing the window to the stainless steel camera housing. 


Figure 13. This is a close up view of the window showing the seal indentations as the 
white arc and the stress on either side of it as seen with the polarimeter. There were no 
indications of cracks or crazing visible with this sensitive method of finding flaws in 
birefringent materials. 


Submersible Polycarbonate Window + Housing for a 
B/W CCD Camera- tests and results: 

An all polycarbonate submersible Camera housing and window (see figures 14-17) was 
successfully tested to liquid Nitrogen temperatures on 8/18-19/03. The camera has a 
Platinum RTD temperature sensor used to estimate the camera temperatures during the 
experiment. 


The low light CCD camera used in this setup has two 10 Ohm 20 Watt power resistors in 
parallel on the camera body for additional heating of the camera to keep it at operating 
temperature. It was found that they were only needed to bring the camera from LN2 (-196 
C) to about -110 C where it can operate using only its ‘self-heat’ (about 4 Watts) and the 
heat from the two light source LEDs (about 1.5 Watts) without additional heat. The 
camera was cycled three times from —196 C to —1 10 C and regained operational images at 
about the same temperature of —110 C +/- 5 C. The camera images remained sharp and 
thought the camera can operate at higher temperatures it was important to find the 
minimum operating temperature in order to minimize bubbling and the heat load to the 
LN2. 
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Figure 14. This is a prototype design for a liquid helium submersible polycarbonate 
housing for a CCD camera with two LED light sources, Pt-RTD temperature sensor, and 
two 25 Watt 10 Ohm heaters (see figures 16, 17). 
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The camera assembly (figure 16) was surrounded by about 1/ 16” thick cylindrical multi- 
signal and power leads were ‘potted’ in using room cure Stycast Epoxy which contracts 
less than the polycarbonate al cryogenic temperature leading to compression around the 
leads and hopefully better sealing of the air filled interior of the housing. Air (He in the 
future) is needed to conduct heat away from the electronic control systems in the camera 
to the interior of the camera body. The heat is then transferred through the aluminum 


housing to the cameras body’s surroundings. This also works in reverse when heat is 
added using the power resistors mounted to the bottom of the camera housing to warm up 
the interior of the camera to operating temperatures from -196C. 
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Figure 15. This is the detail of the ‘nose’ seal between the PC window (top) and the PC 
housing (bottom). 


Figure 16.This is a side view of the HRC-20PHEX BW high resolution CCD camera 
assembly (811 by 508 pixels, 0.0003 Lux sensitivity) to be put into the PC housing 
above. The Pt RTD is under the aluminum tape and the two power resistors are under the 
camera housing. The adjustable focus lens for the CCD cameras is at the top and center. 


cylindrical multi-layer Mylar “super insulation’ between the walls of the PC housing and 
the camera, 
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Figure 17. This is the face of the CCD camera with ‘pinhole’ adjustable focus (from a 
few millimeters to infinity) wide-angle lens at center and two white light high current 
LEDs on either side. 


Figure 18. The polycarbonate window after repeated use viewed with the polarimeter. Note the stress 
colors around the drilled through holes to mount the window to the polycarbonate housing. The large 
circle in the center is the sealing knife edge [see drawings above]. It and the central portion of the 
window show no significant stress damage even after repeated [~10 times] thermal cycling in the 
cryogenic bath. This was first done with liquid nitrogen then liquid helium. The seal was maintained 
throughout the tests. 


POLARIMETER WITH WINDOW FROM THE POLYCARBONATE LHe submersible CCD camera 
housing. 


INSTRUMENTS 
MODEL NO. 


PACIFIC TRANSDUCER CORP. 
LOS ANGELES,CALIFORNIA 90064 


Close up of actual polycarbonate window for the submersible LHe housing as viewed with the 
polarimeter. 
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POLARINIETER 
General: 


The polarimeter is a means of measuring the retardation of ligh as it passes 
through transparent specimens. The retardation is caused by the birefringent 
properties of the specimen, which develop when itis subject to internal ar 
extemal stresses. The amount of retardation is proportional to the rotation of 
the polarimeter eyepiece. This value, along with a dimensional measurement 
and an optical property of the specimen, is then utilized to compute the 
theoretical value of stress, which was required to cause the measured 
relardation. To obtain an accurate measurenent of the angle of rotation, certain 
precautions must be observed in order to minimize those factors contributing to 
the error. This section explains ihe necessilies for the precautions. provides the 
background to establish a standard testing procedure amd gives practical 
instructions inthe use of the polarimeter, 


Te nse the instrument as d polarimeter: 


|. Position the eyepiece at its 0° index point with reference to the seribed line 
on the upper platform. Turn the illuminator ON, 


2. Move the sliding plate holder against its RIGHT stop, placing the quarter- 
wave plate in viewing position beneath the analyzer. The light fram the 
illuminator viewed through the eyepiece should NOT be visible. 


3. Place the continuous glass ring on the specimen platform. 


Viewing the ring through the eye piece should give the appearance that the 
illuminator is off and the glass ring selfilluminated, This is the correct display 
when the quarter-wave plate is in position and the eyepiece is set at 0°. There 
will never be any question about which plate is in viewing position if this 
display of the quarter-wave plate is remembered. 


4. Move the sliding plate holder back and Torth between its right and left stop. 
Notice that ihe most pronounced effects viewed are: 


a) The background illuminaion changes. 
bì Most of the color spectrum is removed from the stress ring when the sliding 
plate holder is against its RIGHT stop. 


5. Having the quarter-wave plate against the right step, position the slatied 
glass ring over the polarizer. Induce a strain into the ring as before and vary the 
apphed Torce while viewing through the eyepiece. Notice that increasing the 
applied Torce increases the confinement of the dark band. Additional force will 
begin to generate a color spectrum band. This color band is produced by very 
hich unil stress values and is rarely found in actual specimens. 


6. Leaving a strain induced inthe slotted ring, position the ring so that the slot 
is toward the front edge of the polarimeter. Look at the section opposite the slot 
and rotate the eyepiece slowly in either direction. Note that the dark band 
moves either towards the inside diameter or outside diameter of the glass ring, 
depending upon which direction the eyepiece is rotated. 


The Polarimeter is designed to enable the movement of this dark band toa 
predetermined point in the specimen while providing a means to measure the 
required eyepiece angle of relation, 


Positioning the Specimen: 


Improper positioning of the specimen on the polarimeter can produce the 
Following results: 


a) Make accurate positioning of the dark band impossible. 

b) Reverse the direcion of the dark band movement for the same direciion of 
eyepiece rotation. 

To eliminate the problems which are caused by these two effects the existence 
Of the neutral axes and their four quadrants must be recognized and its effects 
understocd. 


MNeetral Axes: 


Figure 3 AEE RS 


Inherent with the use of the polarizing discs is the existence of what are called 
the neural axes. These axes are two mutually perpendicular lines that divide 
the field of observation inte quadrants, 


Observing a strain in one quadrant will produce one type of visual indication. 
Observing the same strain in either adjacent quadrant reverses the visual 
indication. Hence, a strain determined to be tension in one quadrant will give 
the indication of a compression strain in either adjacent quadrant. 


To view these axes and see their effect: 
l. Position the eyepiece al 0°, 


2. Place the continuous glass ring over the polarizer on the specimen stage. The 
display observed is similar to that shown in Figure 3. (The continuous glass 
rings are manufactured by heating a long section of glass tubing to its annealing 
point. While still inthe annealing furnace the érside of the tubing is chilled 
with an air blast while the tubing is allowed to cool in the ambient air, After 
cooling to room temperature the tubing is cul to length. The process of forcing 
the inside diameter (ID) to cool more rapidly than the outside diameter (OD) 
induces compression on the ID and tension on the OD of the tubing. Lines of 
cqual stress value lie around its central axis in conlinugus cuncentie circles.) 


4, Move the continuous glass ring around on the surface of the specimen 
platform. Relate the ring. Notice that neither posilion nor rotation changed the 
location of the discontinuities in the dark band with reference to the central axis 


of the ring. 


These three steps show the existence of the neutral axes and indicate their 
position as lying parallel to the 45° + 225° and 135° - 315° posigons of the 
eyepiece scale. 


‘4. Place a slotted ring, with strain induced, on the specimen platform and 
position the slot to face the front of the polarimeter. Opposite the slot a dark 
hand will he visible. 


5. Rotale the evepiece nway from its 0? position and mole the direction of 
eyepiece rotation AND the direction of dark band movement (either toward or 
away from the center of the ring.) 


Reposition the slated ring su that Che slot is at 90° from is ia! positiu. 
Again rotate the eyepiece away from its initial O° position and note that the 
SAME direction of eyepiece rotation moves the dark band in the OPPOSITE 
direction. 


Paragraphs 4 and 5 demonstrate that the adjacent quadrants of the neutral axis 
reverse the direcuion of dark band movement. Later in this booklet itis 
demonstrated that the relanonship between the direction of eyepiece ratanan 
and the direction of eyepiece rotation and the direction of dark band movement 
dglermines whether the suai wider observealien is tension of cornpression, A 
reversal in the band movement for the same direction of eyepiece rotation 
reverses he visual (MCHUGH Of stress type, 


Adapting a standard method of positioning the strain relative to the viewing 
position can eliminate the accidental reversal of the visual indication. The 
following paragraphs suggest ane method of accomplishing this. 


I. Mentally bisect the neutral axes. This results in another set of axes called the 
Axos of Principle Stress or, simply, “principle axes”. They are located ot the 0°- 
1507 and 9007-2707 positions of the eyepiece scale when itis indexed al 0°. 


2. Always position the part so that the dark band under observation has its 
ENDS terminate on a line PARALLEL to a principle axis. The dark band to 
observe is the one whose ends terminate on cilher side of the point of interest. 
The dark band may describe an are whose apen end might lic toward ar away 


4, Note whether the neutral band in the continuous ring moved towards the [D 


or OD. 


Since itis known thal there is compression on the ID and tension on the OD of 
the cominuous glass ting. then if the neural band in Step 4 moved toward the 
ID, the stress in the specimen m the point measured is compression. If the 
neutral band moved toward the OD, the stress in the specimen at the poini 
measured was lension. 


Although the relationship hetween the direction of eyepiece rotation and the 
type of siress always remains the same for the same polarimeter, il is wise ta 
always check cach slress measurement with he cominwous ring. Remember 
thal aligning the neural band with the wrong principle axis will reverse the 
analysis and ihar polarimeers do not necessarily have the same romionil 
meanings. Use of the continuous ring will always resull in correct analysis 
regardless of the asis chosen or the polarimeter used. 


SUMMARY: 


l. The wpe of stress in n specimen is determuned by the direction of eyepiece 
rotation nequired te position the neutral band at the point of stress. 


2. The direction of eyepiece rotation is analyzed by noting the direction of 
neutral band movement in the continuous ring when the eyepiece is rotated in 
the direction requirce to position the neutral band in the specimen atthe point 
of stress. 


3. Movement of the neutral band in the continuous ning: 


a.) Towards the ID, indicates COMPRESSION stress, 
by towards the OD, indicates TENSION stress. 


4. The direction of eyepiece rotation should always be analyzed with the 
conlinuous cing to verify the validity of the conclusions. 


Figure 4 
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The application of siress lo a iranparent object applies a strain to its molecules 
al dustort is molecular Conbormnalton. This distortion changes the objects 
optical properuies and n becomes doubly refractive. This property enables it to 
relard the passage of polanzed hight fram the polarizer in the specimen stage, 
The degree of rétardanoan is determined hy the distribution of the siress within 
the specimen. Retardation of the polarized Light will make it “out of phase" 
with the analyser seling, n well pass through the analyzer in the eyepiece and 
be visible to the eye as white light. The retardation causing the white light can 
then be measured by nullifying this white light (retum it to black) and read the 
value of retardation as degrees of eyepiece rotation. 


The areas not containing a visible strain remain dark. These areas are the dark 
bands previously mentioned. Because these areas do ndi have a visible sirain 
they are called "neutral". Henceforth, the dark bands will be called by their 
proper names "neutral bands". 


Measuring the Angle of Rotation requires that the eyepiece be rotated until the 
neutral band moves to the physical point on the object where the stress is to he 
determined. This can be demonstrated in the following manner: 


I. Position the eyepiece al its O° index pant 


2, Place the slowed ring with strain induced on the specimen stage and position 
the slol so that ii lies perpendicular to the front of the polarimeter (90-270° 
axis). 


3. Note that the neutral band in the area across from the slot lies on the 
approximate centerline of the glass ring wall (Figure 4). The POINT at which 
we Wish to determine the value of stress is on the ID, directly opposite the slot. 


4. Slowly rotate the eyepiece in the direction which moves the neutral band 
TOWARDS the ID. Continue rotating the eyepiece until the band approaches the 
ID edge. Notice that the band begins to feather as it moves from its central 
position. The leading edge turus Lluish aod the mailing edge a reddish-brown. 
The colors are produced by the use of a white light illuminator - - they would 
HOLD E à monochrome henl souret Were Used, 


Figure 5 


Continue rotating the cyepicee until the POINT where we want to determine 
the stress 15 DARK BLUE. (Figure 5} 


5. Make a note of the direction, clockwise or counterclockwise (CW or CCW), 
and the eyepiece senle reading (degrees moved from zera). 


6. Repeat Steps 4 and 5 ta continm that the reading is repeatable. 
SUMMARY: 


|. Stress within a transparent object is made visible through the distortion of ils 
molecular conformation. 


2. The molecular distortion causes areas of the specimen to retard light in 
amounts proportional to the causative stress. 


3. The areas of light retardation pass through the analyzer and are visible as 
while areas through the evepiece. 


4. The dark areas are neutral areas, thus ihe dark bands are called newtral bands. 


3. Rotating the eyepiece gives a measure proportional to the amount of 
retardation caused by the applied stress. 


6. When the white light has been nullified, the DIRECTION of eyepiece 
rotation and the angle through which the eyepiece has been rotated are 
recorded, 


Detennining fhe Type of Sfress: 


The direction of rotation of the eyepiece (CW or CCW), is the information 
from which the type of stress under observation can be determined. We have 
found previously that rotating the eyepiece away from zero moves the neutral 
hand in one of Lwa dinections. Since measuring the eyepiece angle of rotation 
requires that the eyepiece be tumed in the direction which moves the neutral 
band towards the point of stress under observation, 11s then necessary Lo 
determine which type of stress a particular direction of rotation indicates. 


This analysis can be accomplished by the following procedure. 
l. Position the eyepiece al its O° index position. 
2. Remove the specimen and replace it with the continuous ring. 


3. Rotate the eyepiece IN THE SAME direction, as was recorded in observing 
lhe specimen. 


fromthe point of interest, Should the point fall in the neutral bane, rotating the 
part to reposition the point within the quadrant does not affect the reading of 
the stress value at the point, it only avoids the erroneous aml misleading effects 
caused by the neutral axes. 


SUMMARY: 
1. The neutral axes cause discontinuities in the dark band. 


2. The neutral axes are located parallel to the 45°-225° and 1357-3157 axes of 
the eyepiece scale. 


3. Adjacent quadrants of the neutral axes produce opposite dark band 
movements forthe same eyepiece rotation. 


4. The principle axes are located parallel to the O°-1 80° and O0°.270° axes of 
the eyepiece scale. 


3. To eliminate the confusion caused by the neutral axes ALWAYS position the 
specimen so ihat the ends af the dark bund under observatio Drone wa a 
linc PARALLEL to a principle axis (90°-270° preferred). 


Measuring the Angle of Rotation: 
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DESCRIPTION 
Unfilled Polycarbonate is a tough, transparent engineering thermoplastic which offers very high 
impact strength and high modulus of elasticity. It also has a high heat deflection temperature and 
absorbs very little moisture, These properties, plus good low frequency and high voltage insulating 
characteristics, make polycarbonate a prime material for electrical and electronic components. Its 
strength, impact resistance and transparency (unfilled grades only) also make it an ideal material 
for certain transparent structural applications. 


Zelux® M is machine-grade polycarbonate, while Zelux® W is window-clear material for 
applications where transparency is an important consideration. 


( see also PC-300/350 Anti-Static and Zelux@® Static Control Polycarbonates ) 


GLASS FILLED GRADES 
Glass fibers may be added in various amounts (10%, 20%, 30% and 40%) to increase tensile 
strength, stiffness, compressive strength, and lower the thermal expansion coefficient. NOTE: 
Glass-filled polycarbonate is almost always BLACK in color. Properties for 30% glass-filled 
polycarbonate are shown below for reference. Contact us for properties of other grades. 


KEY PROPERTIES 
* high impact strength > excellent strength retention at elevated temperatures * high tensile, shear, 
and flexural strength “high modulus of elasticity “low deformation under load + excellent creep 
and cold flow resistance * low coefficient of thermal expansion * good electrical insulation 
properties * easy to fabricate & machine 


TYPICAL APPLICATIONS 
Polycarbonate exhibits a broad range of outstanding properties for applications in: ¢ electrical 
connectors + brush holders * coil bobbins & forms * insulators e relay components e dialysis 
equipment parts * medical tubing > gamma sterilizable reusables “ instrument 
covers * covers * handles «rollers + machine guards “ fittings 


TYPICAL PROPERTIES of POLYCARBONATE 


ASTM or UL test Unfilled | 30% Glass 
PHYSICAL 


Density (Ibin) 0.043 0.052 
D570 0.12 
D638 19.000 
D638 

D638 10 


D790 Flexural Strength (psi) 23,000 
D790 Flexural Modulus (psi) 1,100,000 
D695 Compressive Strength (psi) 18,000 


D695 Compressive Modulus (psi) 240,000 500,000 
D785 Hardness, Rockwell M70/RI118 M92 


D256 IZOD Notched Impact (ft-lb/in) 2 
THERMAL 
Coefficient of Linear Thermal Expansion 


£ 
D696 (x 105 in/in/°F) 


; Heat Deflection Temp (°F / °C) 
til si 270 / 132 295 / 146 


D3418 Glass Transition Temp (°F / °C) 300 / 149 
aay Max Operating Temp (°F / °C) 250/121 | 270/132 


C177 (BTU-in/ft?-hr-°F) 13 1.3 
(x 10°* cal/em-sec-°C) 6.9 6.9 
ELECTRICAL 
D149 Dielectric Strength (V/mil) short time, 1/8" thick 
Volume Resistivity (ohm-cm)at 50% RH 


* UL94 Rating depends upon thickness and manufacturer! 


NOTE: The information contained herein are typical values intended for reference and comparison purposes only. They 
should NOT be used as a basis for design specifications or quality control. Contact us for manufacturers’ complete 
material property datasheets, 

All values at 73°F (23°C) unless otherwise noted. 
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